nature neurOSCIenCe a r t I C l e S Dendritic spines form the postsynaptic component of most excitatory synapses, whose plasticity is essential for brain development and higher brain functions 1,2 . In addition to the molecular composition of the synapse, the morphology of spines is thought to be critical for synaptic function, as spine head size correlates with synaptic strength 3, 4 and undergoes changes during synaptic plasticity [5] [6] [7] [8] . Even so, our understanding of how spine structure shapes synapse function remains fragmentary.
a r t I C l e S Dendritic spines form the postsynaptic component of most excitatory synapses, whose plasticity is essential for brain development and higher brain functions 1, 2 . In addition to the molecular composition of the synapse, the morphology of spines is thought to be critical for synaptic function, as spine head size correlates with synaptic strength 3, 4 and undergoes changes during synaptic plasticity [5] [6] [7] [8] . Even so, our understanding of how spine structure shapes synapse function remains fragmentary.
It is well established that spines compartmentalize biochemical signals 9 . By contrast, the quantitative contribution of spine morphology to compartmentalization is still unknown, and only moderate correlations between spine neck length or head volume and chemical diffusion have been reported [9] [10] [11] . It is an open question to what extent biochemical compartmentalization is determined primarily by spine geometry or by intracellular factors such as organelles or protein assemblies. Concerning electrical compartmentalization, it is not clear how electrical signals are transformed by the spine neck 9, [12] [13] [14] . This is an important question because synaptic strength may be adjusted through structural changes in spine necks, which has been a long-standing hypothesis 15, 16 .
An early electron microscopy (EM) study reported that the average spine head becomes larger and the neck wider and shorter after the induction of long-term potentiation (LTP) 17 , which was corroborated more recently by work based on two-photon microscopy 6, 18, 19 . However, it is not known how these structural changes might affect biochemical and electrical compartmentalization because two-photon microscopy does not have sufficient spatial resolution to properly resolve spines and EM cannot be combined with functional assays.
Here we combined STED microscopy, FRAP experiments, twophoton glutamate uncaging and patch-clamp electrophysiology in living cultured mouse brain slices and computer simulations to directly relate spine morphological measurements to functional assays. Our experiments establish that spine morphology plays a determining role in biochemical and electrical compartmentalization, which can vary independently of each other. LTP leads to coordinated morphological changes in spine heads and necks, which leave overall biochemical compartmentalization intact but are predicted to substantially affect EPSPs in potentiated spines. Furthermore, our study argues against common categorization schemes of spine morphology and indicates that stubby spines are substantially over-reported in the light microscopic literature as a result of limited spatial resolution.
RESULTS

Quantitative analysis of spine morphological parameters
We imaged spines on secondary and tertiary dendritic branches of CA1 pyramidal neurons by STED microscopy in organotypic hippocampal slices cultured for 2 to 4 weeks. The images revealed a continuum of morphologies ( Fig. 1a and Supplementary Fig. 1a,b) . Spine neck widths were symmetrically distributed around a median of 147 nm, ranging from 51 to 279 nm (n = 309 spines, 15 slices, 10 animals; Fig. 1a-c and Table 1 ), while median neck length was 667 nm and median head width 519 nm (Fig. 1d,e and Table 1 ). The distributions of the morphological parameters appeared smooth and unimodal ( Fig. 1c-e) , and none of the morphological parameters were intercorrelated ( Fig. 1f-h) .
We also imaged CA1 neurons in acute slices from 4-to 5-week-old Thy1-YFP mice (n = 59 spines, 4 slices, 3 animals). The ranges and distributions of morphological parameters were very similar between the two preparations ( Fig. 1c-h and Table 1 ). In acute brain slices the median neck width was slightly larger than in organotypic slices (165 nm; a r t I C l e S Mann-Whitney test; P = 0.002; Fig. 1c) , which may be a genuine difference or may reflect a slight decrease in optical resolution due to the greater imaging depth 20 (see Online Methods). In addition, there was a weak correlation between neck width and neck length in acute slices (R 2 = 0.21; Fig. 1g ). All remaining experiments were carried out in organotypic cultures.
The morphological parameters head width, neck width and neck length did not undergo directional changes over time (Kruskal-Wallis test P head = 0.97, P neck-width = 0.99, P neck-length = 0.999); n = 33 spines, 2 slices, 2 animals; Fig. 1i-l) , indicating that spine morphology, especially spine neck length, is largely stable over periods of an hour (Fig. 1m) and that repeated STED imaging did not induce visible photodamage.
Surprisingly, we observed few, if any, stubby spines (lacking an identifiable neck) in the STED images, which is in contrast to results in the conventional light microscopic literature, which commonly reports high fractions of stubby spines (up to 40%) [21] [22] [23] . However, direct comparison between STED and twophoton images showed that short-necked spines frequently appear stubby in twophoton mode because of its lower optical resolution (Fig. 1n) . Similarly, after spatially filtering the STED images to mimic the twophoton case, short-necked spines wrongly appear stubby (Fig. 1o) . Moreover, given the limited z axis resolution of our STED approach, some spines might appear stubby because of a projection artifact in the z axis, even if the resolution in x-y is high. Taken together, the STED images reveal structural The image is a maximum-intensity projection of ten z-planes 460 nm apart (raw image in Supplementary Fig. 1 npg a r t I C l e S details and a diversity of spine shapes and sizes that validates previous EM studies 24, 25 and highlight the shortcomings of imaging spines with diffraction-limited resolution.
Diffusional coupling of spines
To assess the degree of biochemical compartmentalization of spines, we performed FRAP experiments using freely diffusible YFP (27 kDa) and Alexa 488 (0.64 kDa). The recovery time course of the FRAP signal in individual spines could be well described by an exponential function with a single time constant τ (Fig. 2a and Supplementary  Fig. 2 ), where τ reflects the degree of biochemical compartmentalization. The coefficient of variation (CV) of repeated τ measurements in individual YFP-labeled spines was small (22 ± 6.7%; 6 repeated FRAP measurements in 11 spines, mean ± s.d.; Fig. 2b,c) , indicating that the approach is well suited for reporting differences between spines. In contrast, τ yfp varied greatly from spine to spine (Fig. 2d) , ranging from 42 ms to 2,259 ms (median = 399 ms; n = 148 spines, 15 slices, 12 animals; Fig. 2e and Table 1 ). Alexa 488 has a 4.8-fold smaller hydrodynamic radius than YFP (0.58 nm versus 2.8 nm) 26, 27 and should diffuse accordingly faster if the diffusional milieu affects the two molecules similarly 28 . Indeed, fluorescence recovery was much faster for Alexa 488 (τ alexa median = 63 ms; n = 85 spines, 5 slices, 4 animals; 
c).
The ratio of the median time constants τ yfp /τ alexa was 6.3, close to the ratio of their hydrodynamic radii, suggesting that diffusion of molecules in and out of spines is largely determined by their size 28 .
Spine morphology predicts synapse compartmentalization
In contrast to previous studies, our super-resolution-based approach allows direct correlations between morphology and diffusion measurements in single spines. The applied correlation tests are justified by a simple compartmental model in which the theoretically predicted τ is given by
where V is head volume, L is neck length, D is the diffusion coefficient, A is neck cross-sectional area, and assuming D yfp = 16 µm 2 /s (ref. 29) and D alexa = 120 µm 2 /s (ref. 30 ).
Plotting τ yfp as a function of spine neck width revealed a strong negative correlation, well described by an inverse square function based on equation (1) (y = ax −2 + b; R 2 = 0.47; n = 148; Fig. 3a,b) , indicating that neck width is a determining factor of τ yfp and that small differences in spine neck diameter have large effects on chemical diffusion. Additionally, there was a positive correlation between head width and τ yfp , described by a cubic fit (y = ax 3 +b) with a moderate to strong correlation (R 2 = 0.33; Fig. 3c ), while neck length was a weaker predictor of τ yfp (using a linear fit function; R 2 = 0.18; Fig. 3d ). Similarly, τ alexa depended moderately to strongly on spine neck width (R 2 = 0.31; n = 85; Fig. 3e,f) , corroborating the finding that biochemical compartmentalization depends sensitively on spine neck geometry.
When normalizing the Alexa 488 diffusion data by the factor 6.3 (the ratio of medians τ yfp /τ alexa ), we found no differences between the diffusion of YFP and Alexa 488 for given neck width bins (Sidak's multiple comparisons: bin 50-70 nm, P = 0.95; bin 150-170 nm, P = 0.59; bin 170-190 nm, P = 0.79; all remaining bins, P > 0.99; Fig. 3g) .
In a linear regression analysis, neck length explained 18% of the variation in τ yfp (Fig. 3d) , neck cross-sectional area 45% (R 2 = 0.45) and head volume 27%, while the respective residual plots validated the use of linear fits ( Supplementary Fig. 3b-e) . Overall, 60% of the variation in τ yfp could be explained by morphology (Fig. 3h) . Taken together, the experiments established a strong link between spine morphology and biochemical compartmentalization, identifying spine neck width as the dominant parameter of the diffusional barrier.
Estimating the electrical resistance of the spine neck The electrical resistance of the spine neck (R neck ) can be estimated on the basis of neck morphology or on spine head diffusion measurements using Ohm's or Fick's law, respectively 9 :
where ρ is resistivity of the cytoplasm, D the diffusion coefficient, L spine neck length, A neck cross-sectional area, V head volume and, assuming ρ = 150 Ω cm (refs. 31,32) , D yfp = 16 µm 2 /s (ref. 29) and D alexa = 120 µm 2 /s (ref. 30) .
From these equations, we calculated R neck in three independent ways, on the basis either of morphology or of diffusion measurements of YFP and Alexa 488. This yielded highly consistent values Table 1 ). Plotting the measured τ against the estimated R neck revealed a moderate correlation for a majority of spines. Interestingly, an iterative approach found that the correlation was very weak in the population of spines with high R neck values, and that above around 80 MΩ the linear regression line slope was not different from zero, both for YFP (R 2 = 0.28, P < 0.001 for R neck < 84 MΩ, n = 100 spines; in contrast, R 2 = 0.07, P = 0.07 for R neck > 84 MΩ, n = 48 spines; Fig. 4c ) and for Alexa 488 (R 2 = 0.30, P < 0.001 for R neck < 80 MΩ, n = 59 spines; in contrast, R 2 = 0.14, P = 0.06 for R neck > 80 MΩ, n = 26 spines; Fig. 4d ). This decorrelation indicated that in highly compartmentalized spines, biochemical compartmentalization and electrical neck resistance vary independently of each other.
Correlation between changes in morphology and diffusion
To investigate how changes in morphology and diffusion co-vary at the level of individual spines, we whole-cell patch-clamped CA1 neurons and depolarized them to 0 mV for 4 min, a protocol reported to decrease diffusional coupling 33 . This manipulation indeed increased τ alexa , by 36 ± 12% (mean ± 95% confidence interval (CI); Wilcoxon paired test, P = 0.001; n = 25 spines; Fig. 5a ), while spine neck width decreased by just 6 ± 2% (mean ± CI; paired t-test, P = 0.009; n = 25 spines; Fig. 5b ), corresponding to a change in cross-sectional area of 12%. Even though both effects were modest, the changes in τ alexa and neck width co-varied strongly (R 2 = 0.34; Fig. 5c ), corroborating the finding that molecular diffusion is very sensitive to changes in spine neck width.
Control experiments showed that voltage-clamping CA1 neurons at −70 mV by itself led to changes neither in neck width (mean ± CI, 7 ± 4%, paired t-test; P = 0.16; n = 12 spines; Fig. 5d ) nor τ alexa (4 ± 3%; P = 0.62; Fig. 5e ). The depolarization protocol did not affect head width, head length or neck length (paired t-tests; P = 0.26 to 0.77; Fig. 5f ).
LTP leads to plasticity in spine head and neck geometry Next, we examined how spine morphology changes during spinespecific LTP 6 . We measured excitatory postsynaptic currents in response to glutamate uncaging (uEPSCs) in the whole-cell patchclamp configuration up to 60 min after two-photon uncaging by short pulses (1 ms, 0.5 Hz for 60 s) in Mg 2+ -free solution. Similarly to results in previous reports 13, 14 , this protocol potentiated targeted spines by around 75% for at least 60 min (one-way ANOVA, P = 0.0008, Dunnett's multiple comparison test, time points before potentiation P = 0.99, all time points after potentiation P < 0.037; n = 10 spines, 8 slices, 3 animals; Fig. 6a,b) . In contrast, neighboring spines (within 5 µm) did not undergo potentiation (one-way ANOVA, P = 0.99, Dunnett's test all P > 0.89; n = 8 spines, 7 slices, 3 animals; Fig. 6a,b) . Applying the uncaging LTP (uLTP) protocol in the presence of Mg 2+ , where NMDA receptors remain blocked, failed to induce potentiation (one-way ANOVA, P = 0.99, Dunnett's test all P > 0.98; n = 6 spines, 5 slices, 3 animals; Fig. 6a,b) .
Given that potentiation of uEPSCs could be reliably induced by this protocol (10 out of 11 spines responded with potentiation), we performed time-lapse STED imaging on unperturbed neurons, without electrophysiological recordings. Induction of uLTP led to a large increase in head volume (390 ± 11% (mean ± s.e.m.), n = 16 spines, 12 slices, 6 animals; Fig. 6c-f) , followed by a stable plateau (around 160% above baseline) 6, 34 . The changes were highly significant relative to before uncaging and to neighboring spines (n = 18 spines, 12 slices, 6 animals) and to uncaging on spines in the presence of Mg 2+ (n = 9 spines, 6 slices, 4 animals), none of which underwent head size increases (two-way ANOVA, effect before versus after uncaging P = 0.0002, effect uLTP versus neighbors versus uLTP + Mg 2+ P < 0.001; (1)) plotted against measured τ. npg a r t I C l e S followed by Dunnett's multiple comparisons test, all uLTP time points after uncaging P < 0.001, all neighbor time points P > 0.79 and uLTP + Mg 2+ time points P > 0.98; Fig. 6f) .
Concurrently, there was a highly significant decrease in neck length by around 25% in potentiated spines (two-way ANOVA, effect before versus after uncaging P = 0.07, effect of uLTP versus neighbor versus uLTP + Mg 2+ spines P = 0.01; in Dunnett's test, uLTP all time points after uncaging P ≤ 0.01, all neighbor time points P > 0.88 and uLTP + Mg 2+ time points P > 0.99; Fig. 6g) . Moreover, uLTP induction led to a sustained widening of spine necks by around 30% (two-way ANOVA, effect before versus after uncaging 0.009, effect of uLTP versus neighbor versus uLTP + Mg 2 spines P = 0.02; in Dunnett's test, all uLTP time points after uncaging P < 0.011, all neighbor time points P > 0.88 and uLTP + Mg 2 time points P > 0.65; Fig. 6h ).
Impact on biochemical and electrical compartmentalization
To understand the impact of these morphological changes (summarized in Supplementary Fig. 4 ) on synapse compartmentalization, we calculated R neck and τ during uLTP. On average, R neck drops by around 50% after uLTP (one-way ANOVA, P < 0.0001; Dunnett's multiple comparisons test, all time points after uLTP P < 0.001; Fig. 6i ), whereas τ is predicted not to change significantly (one-way ANOVA, P = 0.28; Dunnett's multiple comparisons test, all time points after uLTP P = 0.06 to 0.54; Fig. 6i ). The surprising prediction that τ is preserved after LTP, based on these calculations, was confirmed by separate experiments showing that neither measured τ nor the corresponding calculated τ is significantly changed after uLTP (twoway ANOVA effect before versus after uLTP, P = 0.11; effect calculated versus measured τ, P = 0.48, followed by Dunnett's multiple comparison test, all time points in both groups P = 0.13 to 0.99; n = 13 spines, 6 slices, 4 animals; Fig. 6j and Supplementary Fig. 5) .
These experiments corroborate a strong correlation between measured and calculated τ in a dynamic setting (R 2 = 0.49, n = 41 τ recordings; Fig. 6j,k) . Moreover, we found a strong negative correlation between changes in head volume and R neck after uLTP (R 2 = 0.54; Fig. 6l ), indicating that these structural changes are coordinated. Taken together, uLTP induction triggers changes in spine morphology that affect synapse compartmentalization in a complex way, leading to substantially increased electrical coupling while biochemical compartmentalization is largely preserved.
Predicted effects of R neck changes on EPSPs
To explore the functional consequences of such changes in R neck , we used a simplified electrical equivalent circuit of a passive spine; that is, one without voltage-dependent conductances 13 ( Supplementary  Fig. 6a) . We calculated EPSP amplitudes in the spine and dendrite for a physiologically relevant range of synaptic and dendritic parameters using the following equations:
where R dend is the input resistance of the dendrite (assumed to be 50 MΩ; refs. 35, 36) , E syn is the synaptic reversal potential relative to the resting membrane potential of −70 mV, G syn the synaptic conductance and R spine = R neck + R dend . Because the capacitance of the spine head and neck membrane is negligibly small (~0.01 pF), it is not included in the model 13 . 
npg a r t I C l e S
The amplitudes of the EPSP in the spine head and the dendrite both depend strongly and positively on G syn (Fig. 7a,b) , but they depend on R neck in opposite ways in that the EPSP in the dendrite gets attenuated, while in the spine it gets boosted, with increasing resistance (Fig. 7c) . To illustrate this effect in relative terms, we plotted the ratios of the spine and dendritic voltages as a function of R neck (Fig. 7c) . Notably, the ratios depend solely on R neck and R dend and are independent of G syn and E syn (ref. 13 ).
To predict the effect of a 50% drop in R neck , we plotted the expected percentage changes of EPSP dend and EPSP spine as a function of initial R neck (Fig. 7d,e) . Whereas EPSP dend increases merely by a few percent, EPSP spine is consistently reduced by 20-40% over a wide range of G syn and initial R neck values, indicating that physiological changes in spine neck geometry can substantially suppress the boosting of spine head voltages, but they increase dendritic voltages only modestly Supplementary Fig. 5 .) (k) Pairwise comparison of changes in observed and calculated τ during LTP depicted in j. (l) Correlation of the initial head volume change to the corresponding R neck change (at 1 min; data from f-h). Time-lapse graphs display mean ± s.e.m., and correlations plots show 95% CI (gray). N.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001 in Dunnett's multiple comparisons test. Scale bars, 500 nm. npg a r t I C l e S (Supplementary Fig. 6b ). These simulated effects on EPSPs reflect solely the observed changes in spine neck geometry and do not take into account any increases in synaptic conductance after LTP.
DISCUSSION
We performed time-lapse imaging of dendritic spines in living brain slices with a lateral resolution around 50 nm (ref. 37) , in parallel with functional assays. These studies effectively bridge the gap between EM and conventional fluorescence microscopy.
Resolving live spine morphology EM studies have provided exquisitely detailed and quantitative analyses of spine morphology in fixed samples 24, 38, 39 , but a comparable analysis in live tissue has been lacking. Our STED images reveal a high degree of heterogeneity of spine sizes and morphologies, which agrees well with the previous EM work but argues against morphological categorization schemes commonly used in the light microscopic literature [40] [41] [42] . Notably, our study indicates that stubby spines are greatly overreported in the light microscopic literature, owing to insufficient optical resolution. This conclusion is supported by EM studies that typically observe only low fractions (a few percent) of stubby spines in adult tissue 24, 25, 38, 43 . This is not merely a semantic issue, because spines with large heads and thin and short necks (for example, Fig. 1o ) represent completely different functional compartments than spines devoid of necks.
Morphology determines biochemical compartmentalization
Synaptic strength can be regulated independently of neighboring synapses by way of compartmentalized signaling 6, 34 , which is thought to boost the computational power of neurons. We found that 60% of the variation in biochemical compartmentalization across spines could be accounted for by morphology and that changes in spine structure strongly affected molecular diffusion. Neck width was the most influential determinant of compartmentalization, potentially facilitating fast and cost-efficient regulation of the synaptic milieu. However, we cannot rule out the possibility that intracellular factors, such as organelles, co-vary with the morphology and also play a role. Even so, nanoscale spine structure can be used as a reliable proxy for synapse compartmentalization.
The finding that fluorescence recovery of Alexa 488 and YFP largely followed basic diffusion theory suggests that the diffusion barrier holds for a wide range of small signaling molecules-for example, Ca 2+ , cyclic AMP or inositol trisphosphate (IP 3 )-and larger cytosolic proteins-for example, GTPases, actin or monomeric calcium-calmodulin kinase II (CaMKII). Still, the slightly higher than expected median τ ratio (relative to the ratio of the hydrodynamic radius) may reflect a modest sieving effect that slows the diffusion of molecules on the basis of their size.
Reliable estimates of spine neck resistance As electrical measurements of R neck are technically infeasible, we estimated R neck in three different indirect ways, using basic biophysical equations and the morphological and diffusional data. The fact that the independent estimates are highly consistent suggests that the measurements were robust and accurate.
Previous studies based on EM 25 or diffusion measurements 9 reported a range of 1 to 400 MΩ for R neck , whereas a recent study based on Ca 2+ imaging estimated R neck to be relatively large (500 MΩ) and to vary little across spines, which suggests that morphology does not a play a major role 44 . Encompassing these values, our measurements revealed a broad distribution, indicating that, at any given time, half of all spines have R neck values larger than 56 MΩ, with 5% having resistances larger than 500 MΩ. The previous discrepancies may be due to relatively low numbers of experimental observations in some reports and/or biases inherent to the methods that were used, which may have compressed biological variability.
LTP leads to coordinated changes in spine heads and necks Divergent observations regarding spine plasticity can be found in the literature 45 . Whereas spine head enlargement after the induction of LTP has been consistently reported 5, 6, 19, 34 , much less is known about changes occurring at the level of spine necks.
In accord with our observations, an early EM study reported changes in average spine neck geometry after tetanic stimulation 17 . However, as EM cannot be used for longitudinal investigations, the reported differences between the stimulated and control groups may have been due to altered turnover of populations of spines of certain sizes, as opposed to reflecting dynamic changes at the level of individual spines. A recent two-photon study reported changes in spine neck fluorescence, which were interpreted as shortening and widening after LTP 19 ; however, the quantification is problematic because of the limited optical resolution.
Here we present direct evidence based on time-lapse STED imaging that spine necks are highly plastic structures, becoming substantially shorter and wider in a spine-specific LTP model. In addition, the analysis shows that structural changes in spine necks and heads occur in a concerted fashion, with spine head enlargement scaling with neck shortening and broadening.
Functional impact of spine neck plasticity
Our data indicate that the observed morphological changes have divergent consequences for biochemical and electrical compartmentalization, which is theoretically possible given that τ depends on neck and spine head size (equation (1)), whereas R neck depends only on neck size (equation (2)).
Whereas spine head enlargement increases biochemical compartmentalization, the observed neck changes counteract this effect, so that diffusional recovery is largely preserved after LTP. Nevertheless, shorter and wider necks may facilitate access to the spine from the dendritic side 46 , and chemical second messengers released into the enlarged spine head might be more diluted and disperse faster into the dendrite, which may render spines less susceptible to subsequent plasticity events.
In contrast to biochemical compartmentalization, our simulations predict electrical signaling to be substantially altered by spine neck plasticity. While a 50% drop in R neck is predicted to lead to only a slight increase in dendritic EPSPs, the amplitude of the EPSP in the spine would drop by 20% to 40% in most spines.
With substantially reduced boosting of the spine head voltage after a sharp drop in R neck , synapses will operate in a more linear regime: voltage-gated channels and NMDA receptors are less likely to become activated 47 and the voltage in the spine head is less likely to reach the synaptic reversal potential and saturate the synaptic response 48 . Spines with shorter and wider necks will be able to sustain stronger synaptic currents because the driving force will be effectively maintained even during large or repeated synaptic conductance increases. In this way, the observed neck changes may functionally disinhibit the synapse, which could contribute to synaptic weight changes during LTP 44, 49 .
Taken together, our findings challenge the widespread notion that spines primarily shape biochemical rather than electrical signaling at synapses. Instead, they argue that both functions are distinctly shaped and dynamically regulated by nanoscale spine morphology. R dend is assumed constant after LTP, and the model does not take into account any increases in G syn during LTP 56 . The effect of LTP on EPSPs thus reflects the drop by 50% in R neck after LTP. data analysis. No statistical methods were used to predetermine sample sizes, but our sample sizes are similar to or exceed those reported in previous publications 6, 9, 25 . Data collection and analysis were not performed blind to the conditions of the experiments. Normality of data distribution was tested by D' Agostino and Pearson normality test. Data are presented as median values with interquartile range (IQR) or as mean with s.e.m., s.d. or the 95% confidence interval (95% CI), as specified throughout. Statistical comparisons and parameters of variability were obtained using GraphPad software, as specified under Results. The level of significance was set to 0.05, and all tests are applied two-sided where applicable. In figures, calculated probabilities are symbolized by asterisks as follows: *P < 0.05; **P < 0.01; ***P < 0.001. Data were not randomized for analysis. Figure images were prepared using ImageJ software and displayed as maximum intensity projections of z-stacks with a one-pixel median filter and no additional processing. Lookup tables are Orange Hot or Fire (inverted).
